Object. The authors evaluated the accuracy of the automatic image coregistration function implemented in the Leksell GammaPlan treatment planning software (Version 4C with MultiView Extension and Version 8.0).
I mage registration of anatomical and functional images from either the same imaging modality or different imaging modalities is performed routinely to delineate target volumes for radiation therapy treatment planning. [2] [3] [4] The procedure is also important if one needs to evaluate the treatment outcome by comparing the images used for treatment and those taken for posttreatment evaluation. In particular, we were interested in quantitatively monitoring the local control of the tumors treated with stereotactic GKS. 9 In that study we attempted to identify the geographical location of local control failure in correlation to the radiation dose distribution used for the treatment. Such analyses required accurate coregistration of the treatment planning image set and the posttreatment image set. Because the coregistration is usually accomplished using an automatic registration (or image fusion) tool, the accuracy of the tool must be known to draw any conclusion on the geographical miss of the radiation delivery. In the current study we evaluated, using a phantom, the accuracy of the automatic coregistration tool implemented in the LGP treatment planning software.
Methods
We tested the image registration tool in the LGP Versions 4C (Release 5.34) and 8.0 (Elekta). The version 4C needs additional modules for image registration, which are independently provided as MultiView and ImageMerge modules. Version 8.0 already includes the ImageMerge-based image registration tool. In the LGP software, a NMI algorithm is used for image coregistration.
Abbreviations used in this paper: GK = Gamma Knife; GKS = GK surgery; LGP = Leksell GammaPlan; NMI = normalized mutual information. maximize the mutual information between 2 image sets. The performance of the original algorithm was found to be very sensitive to the initial size of overlapping volume between the image sets. The NMI algorithm was developed to solve this issue.
We used the TOWER phantom 8 ( Fig. 1) , which was originally designed and constructed for routine quality assurance of MR imaging units used for stereotactic GKS at the University of Minnesota Medical Center. It has nine 0.92-cm-diameter plastic rods, whose one end is shaped like a cone, making a sharp edge at the top (or a landmark). The length of these rods varies from 2 to 11 cm. The landmark positions were designed to cover the whole region of the stereotactic space, which the automatic positioning system of GK Model 4C covers. For CT scans, the phantom was filled with either air or water. For MR images, the phantom was always filled with water so that the solid rod appeared as a dark region on the image.
The phantom was scanned with both CT and MR units. The CT scanners were the Somatom Plus 4 and Sensation 64 from Siemens Medical Solutions. The serial scanning mode was chosen. We used the Siemens Avanto Tim 1.5-T MR imaging unit. The pulse sequence was 3D-FLASH for T1-weighted imaging. The imaging parameters for CT and MR imaging scans are given in Table 1 . Note that the slice thickness for CT scans was 2 or 3 mm, which was thicker than that of MR images (1 mm).
Study procedures were as follows. The TOWER phantom was mounted on the Leksell stereotactic frame, to which the localization box was attached for defining the coordinate system. To firmly place the phantom on the scanner table, the phantom was set up in cradles specifically made for both CT and MR scanners. These images of an aligned phantom can be called Image A. For the second scan (Image B), the same phantom was placed on the scanner table without the cradle. The phantom for Image B was intentionally misaligned relative to the scanning axis. In fact, Image B had both a translational shift and rotation relative to Image A. Both Images A and B were imported into LGP. For Image A, the (x, y, z) coordinate system was defined using the fiducial in the localization box. Then, Image B was coregistered (or fused) to Image A. The x, y, and z coordinate values of 9 landmarks in the phantom were separately measured on Images A and B. To minimize observer dependence, two physicists read the coordinate values. Finally, we calculated the differences of the x, y, and z values of the landmarks in the 2 image sets and the distances, d, between the corresponding landmarks.
We obtained 5 sets of volumetric images of the TOWER phantom: CT images of the aligned air-filled phantom (Set 1), MR images of the aligned phantom (Set 2), CT images of the misaligned air-filled phantom (Set Figure 2 shows the differences of the x, y, and z values of 9 landmarks in Images A and B as well as the distances between the corresponding landmarks for two observers. For Observer A, the mean differences in the individual coordinate values were −0.08 ± 0.40 mm, 0.03 ± 0.38 mm, and −0.61 ± 0.40 mm for x, y, and z, respectively, and the mean distance, d, was 0.86 ± 0.24 mm. For Observer B, the mean differences in the individual coordinate values were 0.08 ± 0.30 mm, 0.16 ± 0.34 mm, and −0.82 ± 0.33 mm for x, y, and z, respectively and the mean distance, d, was 0.95 ± 0.30 mm. The data imply that there was a slight variation in localizing the landmarks in images between 2 observers, but the difference was negligible when the distance, d, was of concern. Table 2 summarizes the results for CT-CT, CT-MR, and MR-MR coregistrations. The table shows the mean distance, d, as well as the range of the differences in 3 orthogonal directions. The coregistration was the most accurate for the MR-MR image sets. The CT-CT coregistration was inferior to the MR-MR coregistration. A reason might be the thicker slice thickness used for the CT scans (or 3-mm) compared with that for the MR imaging scans (or 1-mm). When we tried to coregister the misaligned MR images with the aligned CT images, the algorithm failed, or d = 13.8 ± 1.23 mm. To resolve the poor performance of the automatic registration, we identified 3 landmark points: 2 corners on the inner side of the phantom wall and 1 clearly visible top edge of a rod on both CT and MR images. Then, those images were coregistered by applying the landmark-based registration method. After this semimanual procedure, 2 images were automatically coregistered. The mean distance, d, for this 2-step registration method was 0.74 ± 0.31 mm.
Results
The results presented above were obtained using LGP Version 4C. The registration study was repeated using LGP Version 8.0. This newer version does not have a landmark-based registration tool. Hence, the CT-MR coregistration failed when the TOWER phantom was air filled for the CT scan. When the phantom was filled with water, however, the coregistration was successful without prelandmark-based registration. The result is presented in Fig. 3 . The mean differences in the coordinate values were −0.97 ± 0.44 mm, 0.03 ± 0.37 mm, and 0.40 ± 0.35 mm for x, y, and z, respectively, and the mean distance, d, was 1.18 ± 0.36 mm.
Discussion
The accuracy of coregistration by the NMI algorithm depends on 2 factors: the amount of common data available for 2 sets of images 5 and the voxel size of the images. 1 The coregistration of the images from the same imaging modality was accurate because 2 image sets share 0.74 ± 0.31 † x �0.4 to 0.9 0.95 ± 0.25 x �0.9 to 0.6 y �0.7 to 1.0 y �0.7 to 0.7 z �0.2 to 1.6 z �1.4 to �0.1 * The phantom was air filled for CT scans. The slice thickness of all CT scans for this table was 3 mm. † First the CT and MR images were registered using 3 landmarks placed at the corners. The automatic registration algorithm was then applied. Note, 13.8 ± 1.23 mm if only automatic registration was used.
a lot of common data. The MR-MR coregistration was more accurate than that of the CT-CT coregistration because a thinner slice thickness was used for the MR scans than for the CT scans, although both scans used almost identical pixel size on the transverse planes. The CT-MR coregistration almost failed when the phantom was filled with air for the CT scans. This was mainly due to the lack of useful data in the CT images for the coregistration. In fact, when the phantom was filled with water for the CT scan, the accuracy of coregistration significantly improved.
There are several studies in which authors evaluated the image coregistration accuracy of the NMI algorithm. 1, 7 Bond et al. 1 used implanted landmarks to create reference cases, with which the NMI method was compared. The study was done with GK-treated patients, but it was limited to MR-MR coregistration. The authors found that the average root-mean-square discrepancy between the shot coordinates determined with the NMI method and the implanted landmarks was 1.1 ± 0.3 mm. Veninga et al. 7 studied the CT-MR coregistration in patients with brain tumor and found subvoxel accuracy of their registration program. Our study with LGP confirms the results of those studies in a simpler setting-that is, using a phantom.
Conclusions
The automatic registration tools available on the LGP performed well with the images from the same modality. For coregistrations of CT and MR images, the registration accuracy strongly depended on whether the phantom for CT scans was filled with air or water. This indicates the significant effect of the amount of common data available for the mutual information-based algorithm on the coregistration accuracy.
